Abstract The degree of genetic diversity within and between 21 Arabidopsis thaliana (L.) Heynh ecotypes was estimated by AFLP analysis. Within seven of the 21 ecotypes, a low but signi®cant level of polymorphism was detected, and for ®ve of these ecotypes two or three distinct subgroups could be distinguished. As these ecotypes represent natural populations, this intraecotypic diversity re¯ects natural genetic variation and diversi®cation within the ecotypes. The source of this diversity remains unclear but is intriguing in view of the predominantly self-fertilizing nature of Arabidopsis. Interrelationships between the dierent ecotypes were estimated after AFLP ®ngerprinting using two enzyme combinations (EcoRI/MseI and SacI/MseI) and a number of selective primer pairs. SacI recognition sites are less evenly distributed in the genome than EcoRI sites, and occur more frequently in coding sequences. In most cases, AFLP data from only one enzyme combination are used for genetic diversity analysis. Our results show that the use of two enzyme combinations can result in signi®cantly dierent classi®cations of the ecotypes both in cluster and ordination analysis. This dierence most probably re¯ects dierences in the genomic distribution of the AFLP fragments generated, depending on the enzymes and selective primers used. For closely related varieties, as in the case of Arabidopsis ecotypes, this can preclude reliable classi®cation.
Introduction
Polymerase chain reaction (PCR)-based marker techniques provide new opportunities for assessing genetic diversity within and between dierent plant varieties and for characterizing and describing germplasm. Random ampli®ed polymorphic DNA (Williams et al. 1990 ), simple sequence repeat polymorphism (Morgante and Olivieri 1993) , and AFLP (trademark registered by Keygene N.V., Wageningen, The Netherlands; Zabeau and Vos 1993; Vos et al. 1995) techniques are extensively used for genotype analysis. AFLP is a very reproducible technique with a high multiplex ratio, meaning that a large number of markers can be generated in a single reaction. Selective ampli®cation of a subset of genomic fragments is achieved by adding two to four additional nucleotides at the 3¢ end of the primers. By using different combinations of such selective primers, an almost unlimited number of markers can be obtained. The high multiplex ratio and the fact that no sequence information is needed represent big advantages over other molecular marker methods. Several studies have already used AFLP for genetic diversity analysis in dierent plant species, including rice (Mackill et al. 1996) , soybean (Maughan et al. 1996) , and barley (Ellis et al. 1997; Pakniyat et al. 1997) . Comparative studies using restriction fragment length polymorphisms (Botstein et al. 1980 ) and dierent PCR-based methods have shown that AFLP is one of the best techniques currently available for germplasm analysis (Powell et al. 1996; Russell et al. 1997) . In most of these studies, the data set used for similarity analysis was obtained after digestion of the template DNA with only one combination of a rarely and a frequently cutting enzyme and by using a limited number of selective primer pairs. Although it has been shown that not all of the possible selective primers are equally informative (Ellis et al. 1997; Schut et al. 1997) , the in¯uence of the enzymes used has not yet been investigated in detail. To further maximize the usefulness of the AFLP technology, dierent enzyme and primer combinations should be compared in order to determine whether the results are concordant with regard to variability and divergence. Furthermore, detailed knowledge of the nature and genomic distribution of randomly obtained AFLP fragments is required. Non-random distribution or clustering of markers may in¯uence precise estimates of genetic distances and thus hinder discrimination between closely related genotypes.
Here, we have used AFLPs to assess genetic diversity in Arabidopsis thaliana (L.) Heynh. Within this species, many dierent land races or ecotypes have been collected, of which several are extensively used in molecular biology and genetics. Besides mutant analysis, natural variation will become more and more important for the identi®cation and characterization of speci®c traits, and powerful marker techniques, such as AFLP, will be particularly valuable in such analyses (Alonso-Blanco et al. 1998) . Because of the low outcrossing rate of Arabidopsis (Abbott and Gomes 1989) , any genetic variation between geographically isolated populations is expected to become rapidly ®xed. Diversity between ecotypes is obvious in traits such as¯owering time and temperature response (ReÂ dei 1992), or reactions to pathogen attack (Dangl et al. 1992 ) and variable tissue culture responses (Mathur and Koncz 1998) . Apart from these phenotypic traits, little information is available on the genetic diversity within A. thaliana. One study using restriction fragment length polymorphisms (RFLPs) (King et al. 1993) showed that wide variability existed between ecotypes and that there was no apparent correlation between genetic similarities and the geographic origins of the ecotypes. Comparable results were obtained in an analysis based on microsatellite loci (Innan et al. 1997) . Investigation of the degree of intra-ecotypic diversity using RFLPs (Bergelson et al. 1998) or isozymes and microsatellites (Kuittinen et al. 1997) has shown that only very little genetic variation exists within natural populations. In these studies, only a limited number of markers was used and the data sets obtained were rather small.
We have studied a representative set of ecotypes by AFLP analysis, which allowed us to score hundreds of markers in a reliable way. The eciency of the method for discriminating between closely related ecotypes was evaluated. The in¯uence of dierent enzyme and primer combinations on detection of DNA polymorphism and subsequent estimation of genetic similarities was analyzed.
Materials and methods

Plant material
Seeds of 21 Arabidopsis thaliana ecotypes were obtained from the Nottingham Arabidopsis Stock Centre. Their names, geographical origins, and additional information are presented in Table 1 . For each ecotype, seeds were sterilized and plated on GM medium (Valvekens et al. 1988 ). Plants were grown in sterile conditions at 22°C on a 16-h light/8-h dark regime.
DNA extraction DNA was extracted from individual plants following the CTAB method as described by Van Gysel et al. (1998) .
AFLP analysis
AFLP analysis was performed according to Vos et al. (1995) . All primers and adaptors were obtained from Genset (Paris, France). 
Genetic similarity analyses
The DNA ®ngerprints were scored for presence (1) and absence (0) of bands. Genetic distance was calculated using the software program Treecon (Van de Peer and De Wachter 1994) or NTSYS-pc (Rohlf 1995) , applying pairwise comparison as described by Nei and Li (1979) , using the formula: qdxy 1 À 2xxyaxx xy, where Nxy is the number of fragments shared between individuals x and y, and Nx and Ny are the total numbers of fragments scored in x and y, respectively. The unweighted pair group method using arithmetic averages (UPGMA) or the neighbor-joining procedure was used for cluster analysis and phenetic relationships between genotypes are presented as dendrograms. Treecon and NTSYS gave comparable results. The reliability of the trees generated was statistically evaluated in Treecon using bootstrap analysis (Efron and Gong 1983) . The cophenetic matrices generated from the dendrograms or the similarity matrices used in clustering were compared by performing a Mantel test (Mantel 1967) . Principal component analysis (PCA) was performed using NTSYS-pc.
Sequence analysis
All available sequence entries for Arabidopsis genes were retrieved from Genbank. Approximately 450 genes, comprising 906,401 bp of genomic DNA, were analyzed with respect to the distribution of cleavage sites for the restriction enzymes EcoRI and SacI. For all genes, the distinction between coding sequences (exons) and noncoding sequences (introns, 5¢ and 3¢ regions) was based on experimental evidence.
Results
AFLP ®ngerprinting and polymorphism levels
As AFLP analysis relies on digestion of the DNA with a frequently and a rarely cutting restriction enzyme, the choice of enzymes may in¯uence the ®nal result. After analyzing a large set of sequences from the Arabidopsis genome, we found that EcoRI and SacI cut on average once every 3414 bp and 5464 bp, respectively (unpublished data). This ®nding was in agreement with estimates based on the GC content. As a result, fewer restriction fragments were obtained after digestion with SacI/MseI and only four selective nucleotides had to be added for the PCR ampli®cation instead of ®ve in the case of EcoRI/MseI-digested DNA. Furthermore, analysis of the dierent Arabidopsis ecotypes (Table 1) showed that EcoRI/MseI gave rise to many more polymorphic AFLP fragments than SacI/MseI. After digestion with EcoRI/MseI or SacI/MseI, and using the eight dierent EcoRI/MseI or ®ve of the eight dierent SacI/ MseI primer pairs (SacI + TC/MseI + CG, AC, TA, CT, or GC), respectively, 383 and 462 AFLP bands could reliably be scored in the entire set of ecotypes. In the EcoRI/MseI data set, only 12 bands (3%) were present in all ecotypes, whereas 176 (38%) of the bands in the SacI/MseI data set were monomorphic. This difference may be partly explained by the dierence in the genomic distribution of the recognition sites for EcoRI and SacI. On analyzing a set of Arabidopsis genes representing 906,410 bp of genomic sequence, we found twice as many sites in exons (40%) as in introns (22%) for EcoRI, whereas for SacI the dierence was more than threefold (49% compared to 14%) ( Table 2 ) (S. Rombauts and P. RouzeÂ , personal communication). We generated AFLP ®ngerprints for 10 individual plants of each ecotype, using SacI as a rare cutter, in order to investigate whether AFLP analysis could uncover genetic variation within ecotypes. In addition, the ability of dierent primer combinations to detect polymorphisms was analyzed. Only little intra-ecotypic variation was expected, as the land races reproduce through self-fertilization and are highly inbred (Abbott and Gomes 1989) . For each ecotype, we generated between 247 and 619 markers by using six SacI/MseI primer pairs with a total of four selective nucleotides (SacI + TC/MseI + AG, CG, AC, TA, GA, or TC). As summarized in Table 3 , we detected polymorphisms within seven of the 21 ecotypes investigated. For the ecotypes Wei-0, Lz-0, Tsu-1, Hodja-obi-Garm, and An-1, two or three clearly distinct subgroups could be identi®ed. Within these subgroups, the ®ngerprints generated for the individual plants were identical or very similar (<1% polymorphisms), showing that they represent the same genotype. For Be-0, all polymorphisms were present in one individual, whereas the other nine plants generated identical ®ngerprints. Only these nine plants were used for further analysis. The individual Kn-0 plants all generated unique ®ngerprints and were excluded from further analysis.
These data show that the AFLP technology is sensitive enough to detect low levels of variation and can discriminate between highly related genotypes. Not all primer combinations revealed polymorphisms in each ecotype. Only the primer pair SacI + TC/MseI + CG was able to discriminate between the dierent genotypes of all the polymorphic ecotypes. The primers SacI + TC/MseI + AC generated identical ®ngerprints containing 121 monomorphic bands for the individual Wei-0 plants. The other primer combinations showed an average of 8.7% polymorphisms among the dierent 
Genetic diversity between ecotypes
Based on the genetic variation observed within some of the ecotypes, ®ve of them were split up into two or three subgroups for inter-ecotypic analysis (Table 3 ). The 26 genotypes obtained were subjected to AFLP analysis using the two dierent enzyme combinations EcoRI/ MseI and SacI/MseI and varying selective primer pairs. As a result two data sets (E and S) were obtained, which were analyzed separately. The pairwise genetic distances were calculated and neighbor-joining or UPGMA cluster analysis was used to describe the phenetic relationships among the genotypes. Both programs generated a single dendrogram for each data set. Bootstrapping allowed statistical evaluation of the reliability of the trees generated. As shown in Fig. 1 , the subgroups within ecotypes were positioned close to each other regardless of the data set used, and they formed nodes with maximum bootstrap values, indicating their high similarity. The cophenetic correlation coecient for each dendro- gram was high (0.880 and 0.921 for data sets E and S, respectively). Comparison of the distance or cophenetic matrices generated with the two data sets showed that correlation was very low (0.426). Especially the nodes with low bootstrap values (<50) varied signi®cantly between the two data sets. For example, the widely used ecotypes C24 and Ler-1 cluster together based on data set S, whereas based on data set E, Ler-1 was more similar to RLD-1 and not in the least closely related to C24 (Fig. 1) . With data set E, the ecotypes Lz-0, Wei-0, Tsu-1, Be-0, and An-1 formed a cluster in which the nodes had high bootstrap values. This cluster was not present in the dendrogram obtained with data set S. Only the ecotypes Be-0 and Tsu-1, and Hodja and Condara remained tightly clustered in the two dendrograms. The PCA plots (Fig. 2) obtained with both data sets also showed clustering of related genotypes, although this was more apparent from data set S. At the ecotype level, no clusters were apparent with data set E. In contrast, based on data set S, Condara and Hodja, as well as Col-2, Col-3, Cal-0, and Tul-0 formed weak clusters, whereas the ecotype An-1 was separated from the rest. Fig. 2A , B PCA plots of the Arabidopsis thaliana genotypes. Plots are based on data obtained after digestion with EcoRI and MseI (A) or with SacI and MseI (B). The ®rst two principal coordinates accounted for 24% (EcoRI/MseI data set) and 23.5% (SacI/MseI data set) of the variation These ®ndings show that dierent enzyme combinations result in data sets that give rise to distinct dendrograms, except for the internal nodes that are characterized by high bootstrap values. Repeating the cluster and bootstrap analysis with the combined data sets E and S did not result in a signi®cant improvement of the dendrogram. The bootstrap values were only slightly higher (Fig. 1C) , which shows that the lack of concordance is not due to the fact that the separate data sets are too small.
Besides the enzyme combination, the speci®c primers used also aected the results. Data set E was generated using two dierent selective EcoRI primers (EcoRI + AC or GA) in combination with either ®ve or three MseI primers (MseI + ACC, CGA, GTG, TGT, and ATA, or MseI + ATT, ACG, and AAT). Of the 383 AFLP bands scored with the EcoRI/MseI primers, 263 were obtained with the EcoRI + AC primer and 120 with the EcoRI + GA primer. Based on the EcoRI primer, two subsets were made and analyzed separately. Compared with the PCA plot of the combined data set E, dierences were observed (data not shown). The PCA plot derived from the data obtained with the EcoRI + AC primer was highly similar to that from the combined data set. However, the ecotype Tul-0 was grouped together with Hodja and Condara rather than with Nd-0 and Estland. In contrast, the PCA plot obtained from the data generated with the EcoRI + GA primer was completely dierent (data not shown). Interestingly, of the 12 AFLP bands that were monomorphic in the combined data set E, 11 were generated with the EcoRI + GA primer, showing that the selective nucleotides used can heavily in¯uence the results.
Discussion
AFLP analysis
The level of AFLP polymorphism detected in the set of A. thaliana ecotypes analyzed is highly in¯uenced by the speci®c enzyme and primer combinations used. SacI/ MseI detected 35% fewer polymorphisms than EcoRI/ MseI. Sequence analysis showed that in Arabidopsis, SacI cuts almost 10% more often in coding sequences and 8% less frequently in introns than EcoRI. The frequencies of cleavage in 5¢ and 3¢ untranslated sequences are comparable. If indeed cutting by SacI is biased towards coding regions, then the dierences observed here may be partially explained by the fact that the rate of nucleotide substitutions is higher in non-coding sequences than in coding DNA (Li and Graur 1991; Trusov and Dear 1996) .
Besides dierences in the frequency of restriction sites and dierent rates of nucleotide substitutions between coding and non-coding sequences, the number of informative nucleotides may also aect the level of polymorphism detected. The majority of polymorphic AFLP fragments result from base substitutions within the restriction sites or within the nucleotides complementary to the selective nucleotides, and not from insertions or deletions (Kuiper 1998) . In cases in which SacI and MseI are used, variation can be caused by nucleotide substitutions at 14 sites, including both restriction sites (6 + 4) and the selective nucleotides (2 + 2). In contrast, the number of informative nucleotides is 15 when EcoRI and MseI are used, which increases the chances of detecting variation.
Thus, the choice of restriction enzymes for digestion of the template DNA may direct the analysis towards a subset of genomic regions. Like EcoRI, PstI is frequently used in AFLP analysis (Powell et al. 1996; Ellis et al. 1997; Pakniyat et al. 1997 ). As PstI is highly sensitive to DNA methylation, the AFLP fragments obtained will be derived from non-methylated DNA regions, which form only part of the total chromatin. If one wants to screen the entire genome for polymorphisms, then a restriction enzyme that recognizes sequences that are randomly and uniformly distributed should be used.
Despite the lower level of polymorphism detected after digestion of the DNA with SacI and MseI, it is clear that AFLP is suciently sensitive to detect low levels of genetic diversity within A. thaliana ecotypes. Of the 21 ecotypes analyzed, seven showed polymorphisms among 10 individual plants after digestion with SacI and MseI. For this purpose a maximum of ®ve selective AFLP primer pairs were used and an average of 448 loci per ecotype were scored. To identify 1% polymorphism, as in the case of the land race Hodja, 619 loci had to be analyzed. As described previously for barley genotypes (Ellis et al. 1997; Schut et al. 1997) , we also found that not all selective primer combinations detect similar levels of polymorphism. Of the six randomly chosen primer pairs, only one could discriminate between the dierent subgroups within each of the seven polymorphic ecotypes. Most probably this is also due to a non-random genomic distribution of the AFLP markers generated.
Genetic relationships among ecotypes
Five of the seven ecotypes split up into two or three separate subgroups. Although clearly distinct, these dierent subgroups cluster tightly together ± both in the cluster and coordinate analysis ± independently of whether the data set used was obtained after digestion of template DNA with SacI/MseI (data set S) or EcoRI/ MseI (data set E). Apart from that, the two data sets yielded signi®cantly dierent dendrograms and PCA plots. A Mantel test showed that the correlation between the two dendrograms is extremely low (0.426). Only the ecotypes Hodja and Condara, and Tsu-1 and Be-0 were tightly clustered in both trees. For all other ecotypes, dierent branching patterns were obtained, even for the cluster of ®ve ecotypes (Lz-0, Wei-0, Tsu-1, Be-0, and An-1) obtained with the EcoRI data set, which is characterized by high bootstrap values. Combining the two data sets did not improve the dendrogram obtained and the bootstrap values increased only slightly, indicating that the observed discordance cannot be explained by the fact that the separate data sets are too small. These observations show that the dierent trees re¯ect discrepancies in the data sets and are not due to a lack of clear separation between the ecotypes, which could result in two or more equally acceptable dendrograms.
Division of data set E into two subsets based on the selective EcoRI primer used (EcoRI + AC or EcoRI + GA) also resulted in dierent groupings of the ecotypes. Whereas with EcoRI + AC the PCA plot was highly similar to that obtained with the total data set, the plot of the EcoRI + GA data was signi®cantly dierent. Of the 12 monomorphic AFLP fragments obtained with EcoRI/MseI primers, 11 were generated by using the EcoRI + GA primer and only one by using the EcoRI + AC primer. This shows that signi®cantly dierent data can be obtained depending on the selective nucleotides used. As the MseI primers that were used in combination with the two EcoRI primers were not identical, it may well be that part of the observed difference is caused by the MseI primers. The estimates of genetic relationships between populations depend on the location and distribution of the AFLP markers within the genome. Therefore, non-random occurrence of restriction sites and dierences in the information obtained depending on the speci®c primers used, are most probably responsible for the lack of correlation. Controversy exists as to whether dierent data sets collected from the same genotypes should be combined prior to phylogenetic analysis or should be analyzed separately (Bull et al. 1993; Olmstead and Sweere 1994) . This debate mainly concerns the appropriateness of combining data obtained from totally distinct genes or from independent sources, such as nuclear and cytoplasmic genomes. However, it cannot be excluded that the two data sets obtained here represent dierent parts of the nuclear genome. Therefore, it appears more appropriate not to combine the data sets (for an overview, see Miyamoto and Fitch 1995) . This conserves the distinctions among them and allows them to be evaluated separately.
Little is known about genetic diversity within and between Arabidopsis ecotypes. Our analysis shows that individuals of one ecotype may exhibit diversity and that for some ecotypes distinct subgroups or genotypes can be identi®ed. As the ecotypes were sampled from wild populations, the intra-ecotypic dierences most probably re¯ect natural variation which is ®xed in discrete genotypes because of the self-fertilizing nature of Arabidopsis. The fact that the dierent subgroups remain tightly clustered independently of the data set used and the kind of analysis performed is a further indication that the diversity revealed is natural and is not due to contamination of seed stocks. The source of this variation remains unknown, but the existence of genetic diversity among individuals sampled from native populations has been demonstrated before (Kuittinen et al. 1997) , indicating that it is a natural phenomenon that should be investigated in more detail.
Apart from the end branches of the phenograms, clustering of dierent ecotypes into strictly separate groups was not readily apparent and no clear interrelationships could be depicted. For estimating relationships among related plant varieties, phenotypic information such as morphological and biochemical characteristics can be used (Doebley et al. 1990; Smith et al. 1990 ). However, it has been shown that the correlation between similarity estimates based on pedigrees or morphological information and molecular data is poor, irrespective of the method used (Ellis et al. 1997; Schut et al. 1997 ). Information about the geographic origin of the genotypes is often helpful, but as can be observed from the data presented here, in case of Arabidopsis there is no clear correlation between the estimated relationships and the geographic origins of the ecotypes. This observation is in agreement with previous results based on RFLP (King et al. 1993 ) and microsatellite data (Innan et al. 1997) . The lack of correlation appears to be related to the fact that the worldwide distribution of Arabidopsis has only recently been established and that its range is still expanding (Innan et al. 1997 ). The genetic variation that was observed here in some of the ecotypes may be a re¯ection of this ongoing expansion and diversi®cation.
Taken together, our results show that sensitive and reliable molecular marker techniques, such as AFLP, are very useful for revealing genetic variation and identifying slightly dierent genotypes. Although large data sets can easily be generated by AFLP analysis, the enzyme and primer combinations used can aect the data obtained. The con¯icting data sets probably re¯ect a nonrandom genomic distribution of the AFLP fragments. As a result, similarity estimates may be biased, especially in plant species where dierent varieties do not clearly separate into distinct groups.
